The standard approach in interventional treatment of atrial fibrillation (AFib) is pulmonary vein isolation (PVI). PVI can be achieved by placing radio-frequency (RF) lesions contiguously around the pulmonary veins attached to the left atrium. Since accurate lesion placement may be difficult, pre-planned ablation lines can be used for better navigation both when using mapping systems or also when relying on fluoro overlay techniques. By working with physicians in this field, we learned that clinically acceptable ablation lines are not necessarily limited to a unique line, but there appears to be some flexibility when defining regions within which ablation should be performed.
INTRODUCTION
Since electrophysiology (EP) procedures involve fluoroscopic guidance, C-arm X-ray devices with image overlay functionality, fusing soft-tissue information with live fluoro images, offer an alternative navigation approach to mapping systems [1, 2] . For EP procedures, these systems can be used to merge soft-tissue heart information derived from pre-procedurally acquired 3-D data sets as well as planning information with live fluoroscopy during the intervention [3] . A first approach for planning of atrial fibrillation has been presented by Hastenteufel et al. [4] . More recently, Brost et al. [5] proposed a system for interactive planning of EP procedures, especially atrial fibrillation ablation procedures involving cryo-balloons. An example of pre-planned ablation lines for PVI is shown in Figure 1 . The use of pre-planned ablation lines is not restricted to fluoro overlay navigation. This kind of annotation can also be helpful when performing PVI using a mapping system, e.g., CARTO 3 (Biosense Webster, Diamong Bar, CA, USA) or Ensite Velocity (St. Jude Medical, St. Paul, MN, USA). Pulmonary vein isolation is the treatment of choice for paroxysmal atrial fibrillation with a reported success rate of over 70 % [6] . PVI is also applied to persistent AFib, however with lower success rate of just over 50 % [6] . The structure of the left atrium is very complex. There are critical areas within the left atrium, e.g. the left atrial appendage or the area close to the esophagus, that should be avoided or treated with special care during ablation procedures. There are different strategies to perform PVI. Two common strategies are segmental ablation and ipsilateral pulmonary vein (PV) isolation. Arentz et al. investigated the influence of the isolation area around the PVI on the procedure outcome. Based on their findings, the ipsilateral ablation strategy is advantageous [7] .
Personalized planning of ablation lines for electrophysiology procedures offers the potential to improve procedure success while lowering the risk to the patient. As of today, there has, however, not been an investigation on how ipsilateral ablation lines differ across similar cases. We present a novel method to investigate this problem by comparing pre- 
MATERIAL AND METHODS
We used left atrial (LA) surface models of seven different patients to build up a common reference shape. The mesh models are represented as a triangulated mesh structure. The models cover the left atrium as well as a certain extent of the attached pulmonary veins. The length of the pulmonary veins varies from data set to data set. For consistency, a pre-processing step has been applied to all LA mesh models. The attached pulmonary veins have been removed from the mesh about 2 cm distal to the LA antrum.
The common reference shape is generated via pairwise non-rigid registration of the LA models. For registration, the mesh is seen as
All meshes have the same anatomical orientation, and are zero centered before applying the registration. Similar to our previous work [8] , we used the Coherent Point Drift (CPD) algorithm [9] to perform the non-rigid point cloud registration. The main benefit of the CPD algorithm is the robustness against noise and outliers while generating smooth deformation fields. A pivot mesh mpivot is registered to template meshes mt i . The variables ti are used to refer to each of the T = 7 template meshes.
Below, we describe how to derive a common reference model. Then we establish mean ablation lines. Afterwards, we evaluate how individual pre-planned ablation lines vary around their mean as we move around the left and right ipsilateral PVs.
Non-Rigid Point Cloud Registration Using CPD
In the first step, we selected one left atrium mesh model as pivot element, mpivot = mt 1 .
In the next step, we registered the pivot mesh to the remaining template meshes {mt 2 , . . . , mt T }. We used the coherent point drift algorithm to compute the non-rigid transformation between the pivot mesh and the other left atrial mesh models. CPD follows a probabilistic approach by considering the alignment of the two point sets as a probability density estimation problem. The basic idea is to fit the Gaussian mixture model (GMM) centroids, represented by the points of the pivot mesh mpivot, to the template mesh mt i , by maximizing the likelihood. This optimization is performed with the expectation maximization algorithm. During the optimization, the GMM centroids are forced to move coherently as a group, to ensure preservation of the topological structure of the point set.
The displacement function v and the transformed point setmt i are obtained by minimizing the following energy function [9] :
where φ(v) is a regularization to ensure the displacement field to be smooth. The parameter λ determines the trade-off between data fitting and smoothness of the deformation field. We empirically determined a suitable value for this parameter (λ = 2.0).
Common Reference Model
For each template mesh mt i the estimated deformation field ut i ∈ R 3N is calculated by registration of the pivot mesh mpivot to mt i . The transformed pivot mesh can then be described as
The common reference model is defined as the mean shape given by,
Putting (4) and (5) together, it is easy to see that the reference mesh is comprised of the selected pivot mesh, and a mean deformation field. In other words, The selection of a proper pivot mesh is important, because it determines the basic shape of the resulting mean mesh. This is why we carefully selected the pivot mesh, making sure that all relevant landmarks, namely the pulmonary veins and left atrium appendage, were clearly expressed. Figure 2 and Figure 3 depict the calculated reference model.
Transfer of Planning Lines on Common Reference Model
Planning lines l are represented as a set of points l = {x1, . . . , xP } with x ∈ R 3 . Each template mesh mt i has two planning lines lt i ,R and lt i ,L attached. They represent desirable ablation lines for right and left sided ipsilateral pulmonary veins, respectively. The planning lines are a subset of the corresponding template mesh, i.e., {lt i ,R, lt i ,L} ⊂ mt i .
To transfer the planning lines from a template mesh onto the reference model, mref is registered to mt i using CPD. After registration, the two mesh models are optimally aligned based on the optimization criterion stated in (3). The planning lines {lt i ,R, lt i ,L} are now projected onto the transformed reference modelmt i with a nearest neighbor approach. By applying the inverse deformation field, the lines can be mapped onto the reference model mref. There, they are labeledlt i ,R andlt i ,L, for right and left sided planning, respectively.
Mean Planning Lines
The mean planning lines are derived from the set of re-mapped ablation lines defined as
Initially, each planning line consist of an arbitrary number of points. For consistency, each line l was interpolated with a cubic spline, and equidistantly sampled with a fixed number of sample points PL. To investigate the spread and distribution among the pre-planned ablation lines, a common orientation and labeling was enforced. Each planning line represents a closed loop encircling the LA. The point closest to the top is defined as the starting point, and the remaining points are traversed in anterior direction. After correct alignment of L, mean reference lines lref,R and lref,L are generated by averaging corresponding points along the interpolated lines. The set of re-mapped ablation lines visualized on the reference mesh is shown in Figure 2 . The resulting mean lines are shown in Figure 3 .
EVALUATION AND RESULTS
We evaluated our approach on T = 7 LA meshes with attached planning lines. The pre-planned ablation lines were placed by an experienced clinician. The registration accuracy of the non-rigid registration of the reference model to the template meshes in terms of residual average mesh-to-mesh error is shown in Figure 4 . The mean residual mesh-to-mesh error calculated over all meshes was 2.0 mm. Data set 1 was selected as pivot mesh for the reference mesh generation. As can be seen in (6), the reference mesh is comprised of the pivot mesh with an additive deformation term. Hence, non-rigid registration of the reference mesh onto data set 1 is possible with a very low residual error, as illustrated in the first column of Figure 4 .
The deviation of the re-mapped planning lines from their respective mean is evaluated as follows. For each point of the reference planning lines lref,R and lref,L, the distance to the re-mapped planning lineslt i ,R,lt i ,L with i = 1 . . . T is calculated.
For further, more anatomically oriented evaluations, the planning lines were divided into eight equally spaced segments, as depicted in Figure 6 The average distance of the re-mapped ablation lines to the reference ablation line was 2.9±1.9 mm and 1.8±1.5 mm for right and left sided planning lines, respectively. The maximum distance of a single planning point to the reference planning line was 8.5 mm and 7.6 mm for right and left side, respectively.
CONCLUSIONS
According to our analysis, the average deviation over all individual planning lines that were part of our date set was 2.4 ± 1.8 mm. This results in a region for pre-planned ablation lines that is approximately twice this width. The smallest deviation was encountered in line segments 2 and 3. We believe that this is due to the presence of the ridge between left atrial appendage and left PVs, that leaves limited space for setting up pre-planned ablation lines.
Based on feedback from physicians in this field, our findings appear plausible. In a nutshell, by comparing pre-planned ablation lines placed by an experienced clinician on LA models of actual patients, we found that one seems to have some 5 mm of 'wiggle room' despite the presence of prominent anatomical structures. After analyzing the inter-patient variance of manually placed planning lines and learning a general planning pattern, the design of an algorithm for fully automatic pre-planning of ablation lines will be the next step.
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